We set out to further red shift and monomerize CyOFP1. Introducing mutations at chromophore-interacting residues, we found that mutation of His-61 to Met (H61M) caused redshifted fluorescence (Fig. 1a,b) while maintaining high fluorescence quantum yield (ϕ) of 0.77. However, like CyOFP1, this 'CyRFP1' mutant was dimeric at 10 µM (Supplementary Fig. 1a) .
To increase the monomericity of CyRFP1, we examined the crystal structure of Neptune, the closest crystallized predecessor of CyOFP1; and we noticed hydrophobic contacts by Ala-161, a position occupied by a charged Arg residue in the monomeric red fluorescent protein mCherry. Mutating Ala-161 to charged residues Arg or Lys, we found that the CyRFP1 A161K mutant was more monomeric than CyRFP1 (Supplementary Fig. 1b) .
However, CyRFP1 A161K matured more poorly than its dimeric predecessor in bacteria (Supplementary Table 1 ). Rescreening of chromophore-interacting sites yielded an N41A mutant with improved maturation (Supplementary Table 1) , which proved to be monomeric even at the relatively high concentration of 100 µM (Supplementary Fig. 1a ). This mutant, designated mCyRFP1, exhibited broad absorbance and excitation centered near 500 nm ( Supplementary Fig. 1c,d) ; peak and average emissions of 596 and 600 nm, respectively (Fig. 1a,b and Supplementary Fig. 1d) ; and ϕ of 0.65 (Supplementary Table 1 ). mCyRFP1 fluorescence demonstrated a pK a of 5.6 ( Supplementary Fig. 1e ) and photobleached with a normalized halftime of 45 s (Supplementary Fig. 1f ), a halftime similar to that of yellow fluorescent proteins 7 . Finally, both mCyRFP1 and CyRFP1 displayed long, monoexponential fluorescence decays with fluorescence lifetimes of 3.55 ns and 3.71 ns, respectively (Fig. 1c, Supplementary Fig. 2 , and Supplementary Table 2) .
We next compared the performance of CyOFP1 and its new mutants in mammalian cells. Cells expressing CyRFP1 were as bright as cells expressing CyOFP1. Cells expressing mCyRFP1, while dimmer than those expressing CyRFP1, were three-fold brighter than those expressing CyRFP1 A161K ( Supplementary  Fig. 3a) , consistent with improved maturation of mCyRFP1. Cells expressing mCyRFP1 could be continuously excited under typical widefield imaging conditions for approximately 5 min before losing half their initial brightness (Supplementary Fig. 3b ). mCyRFP1 fusion to histone H2B did not interfere with mitosis ( Supplementary Fig. 4a) , and fusions to various subcellular markers were properly localized (Supplementary Fig. 4b ). To further characterize the monomericity of mCyRFP1, we quantified performance in an organized smooth endoplasmic reticulum (OSER) assay, an assay reported to be sensitive for FP monomericity 8 . We observed that the percentage of normal cells with mCyRFP1 fused to endoplasmic reticulum (ER) membrane We describe a red-shifted fluorescence resonance energy transfer (fret) pair optimized for dual-color fluorescence lifetime imaging (fLim). this pair utilizes a newly developed fret donor, monomeric cyan-excitable red fluorescent protein (mcyrfP1), which has a large stokes shift and a monoexponential fluorescence lifetime decay. When used together with eGfPbased biosensors, the new pair enables simultaneous imaging of the activities of two signaling molecules in single dendritic spines undergoing structural plasticity.
FRET imaging of biosensors allows researchers to investigate the spatiotemporal dynamics of signaling cascades in living cells 1 . Additionally, it has been demonstrated that two-photon fluorescence lifetime imaging (2pFLIM) is useful for imaging signal transduction in small neuronal compartments in brain slices [2] [3] [4] , revealing principles of biochemical integration and computation in single spines 5 . However, on account of the limited number of suitable FRET-FLIM pairs, it has been difficult to simultaneously image multiple FRET sensors with 2pFLIM. Thus, we engineered a new red FRET pair well suited for simultaneous FLIM alongside EGFP-based biosensors.
As many FLIM sensors use EGFP or monomeric EGFP (mEGFP) as a FRET donor, we aimed to develop a red or orange FRET donor that could be excited simultaneously with EGFP-based biosensors but would have separable fluorescence emission. We started with cyan-excitable orange fluorescent protein (CyOFP1), as it features high quantum yield, a long monoexponential fluorescence lifetime decay, and excitability at the same wavelength as EGFP 6 . However, CyOFP1 has two less desirable features: its short-wavelength emission tail limits collection of EGFP emission to a narrow band; and, although many fusion proteins localize correctly, CyOFP1 is dimeric at concentrations ≥1 µM 6 . protein (CytERM) was 82.4% ( Supplementary Fig. 4c) , a value most similar to the published scores for mVenus and mKate2 (ref. 9). We also tested mEGFP and mCardinal as references, obtaining scores of 96.8% and 41.8%, similar to previously published scores 9 (Supplementary Fig. 4c ). Thus, consistent with its monomericity at 100 µM in vitro, mCyRFP1 performs well as a fusion tag in cells.
A major advantage of CyRFP1 and mCyRFP1 is their ability to be coexcited along with EGFP while their emissions are easily separable from those of EGFP (Fig. 1a,b) . Thus, we further characterized two-photon (2p) excitation spectra of CyRFP1 and mCyRFP1 compared with those of mEGFP ( Supplementary   Fig. 5a,b) . While both CyRFP1 and mCyRFP1 have a broad 2p excitation peak around 1,000 nm, they show higher brightness than EGFP when excited at 900-940 nm, wavelengths commonly used for EGFP imaging in neurons 10 . Since CyRFP1 is brighter and shows less bleedthrough into green channel than mCyRFP1 under 2p excitation (Supplementary Fig. 5c ), we tested the usability of CyRFP1 as a structural marker for simultaneous 2p imaging alongside green fluorescent sensors in single dendritic spines ex vivo and in vivo. By biolistically transfecting neurons with fluorescent calcium indicator GCaMP6s 11 and CyRFP1, we were able to simultaneously image Ca 2+ transients and spine volume changes during spine structural plasticity induced with 2p glutamate uncaging in CA1 pyramidal neurons in organotypic hippocampal slices (Fig. 1d,e) . Under these conditions, CyRFP1 and mCyRFP1 did not show any detectable photobleaching during repeated 2p imaging of dendritic spines (Supplementary Fig. 5d ). Furthermore, these fluorophores did not exhibit aggregation in the nucleus of neurons following long-term expression (~1 week) in organotypic slices, as opposed to mCherry, which tends to aggregate and accumulate in lysosomes 12 ( Supplementary Fig. 6 ). Lastly, we tested performance of CyRFP1 during in vivo imaging in live animals. Following transfection of layer 2/3 pyramidal neurons with GCaMP6s and CyRFP1 using in utero electroporation, we simultaneously imaged spontaneous calcium events and spine structure in dendritic spines through a cranial window in the motor cortex of adult mice (Fig. 1f,g and Supplementary Video 1) . Bright CyRFP1 fluorescence in spines and dendrites under these conditions indicated that optical properties of CyRFP1 remain stable even after months of expression. Furthermore, these results demonstrate the feasibility of using stable CyRFP1 fluorescence to correct for movement artifacts and to quantify relative intracellular [Ca 2+ ] normalized to structural volume.
The long fluorescence lifetime and monoexponential decay of mCyRFP1 (Fig. 1c) suggest that it would be an effective FLIM-FRET donor. We next turned our attention to identifying a far-red fluorescent protein that could function as an effective FLIM-FRET acceptor for mCyRFP1 in mammalian cells 13 . We measured fluorescence lifetimes in HEK cells of mCyRFP1 fused to candidate acceptors mCardinal 14 , mNeptune2 (ref. 14) , and mMaroon1 (ref. 15 ). The mCyRFP1-mMaroon1 fusion demonstrated the highest FRET efficiency (62.3 ± 0.2%) and fraction of protein undergoing FRET (folding efficiency = 69.2 ± 0.3%, Supplementary Fig. 7a,b) . The calculated Förster radius (r 0 ) of 6.3 nm for the mCyRFP1-mMaroon1 pair, assuming random interfluorophore orientations, was greater than that of other commonly used FLIM-FRET pairs mEGFP-sREACh and mEGFP-mRFP (Supplementary Table 3) . Furthermore, mMaroon1 is minimally excited by wavelengths used to excite EGFP and mCyRFP1 (920 nm in 2p excitation; Fig. 2a and Supplementary Fig. 5a,b) , minimizing contamination arising from mMaroon1 emission when measuring mCyRFP1 fluorescence lifetime (Supplementary Fig. 7c ). FLIM analysis of HEK cells coexpressing EGFP and mCyRFP1, either alone or fused to FRET acceptors, confirmed our ability to simultaneously measure lifetimes of bound or unbound states of EGFP and mCyRFP1 with minimal crosstalk between the two channels ( Supplementary Fig. 7c,d) .
To validate FLIM-FRET sensors based on mCyRFP1 and mMaroon1, we created and tested sensors for the small GTPases Cdc42 and RhoA using these fluorophores. We replaced EGFP and mCherry in previously established intermolecular sensor systems for Cdc42 and RhoA 3 with mCyRFP1 and mMaroon1, respectively, creating new sensors named Cdc42-CyRM (mCyRFP1-mMaroon1) and RhoA-CyRM ( Fig. 2b-f) . In HEK cells, FLIM measurements showed that the binding fractions for constitutively active variants of Cdc42-CyRM and RhoA-CyRM were significantly higher than those of dominant-negative and wild-type variants. The sensitivities of the sensors were similar to those of the previously reported sensors 3 , establishing the usefulness of mCyRFP1-mMaroon1 as a new FLIM-FRET pair. Finally, we tested whether it is possible to perform simultaneous, dual-color 2pFLIM imaging of two biosensors based on mEGFP and mCyRFP1 donors. Specifically, we attempted to image CaMKII and RhoA activation during structural plasticity of single spines induced by 2p glutamate uncaging in organotypic hippocampal slices 16 . To image CaMKII activity, we used Green-Camuiα, a FRET sensor that uses mEGFP and the dark YFP variant dimVenus in an intramolecular arrangement 4 . For RhoA imaging, we used RhoA-CyRM (Fig. 3a) . We verified lack of contamination from mEGFP-CaMKII-dimVenus to mCyRFP1 lifetime ( Supplementary Fig. 7c,d) as well as the lack of FRET between dimVenus and mMaroon (Supplementary Fig. 8a ; see Supplementary Table 4 for comparison of fluorescent proteins used). We excited both sensors simultaneously with a 2p laser tuned to 920 nm, and we separated the green emission of GreenCamuiα and the red emission of RhoA-CyRM using a dichroic mirror. Previous work using 2pFLIM sensors in separate experiments found that, during induction of structural plasticity, CaMKII activation is spatially confined to stimulated spines and decays within 1 min, whereas RhoA activation spreads substantially along the dendrite near the stimulated spine and lasts for tens of minutes 3, 4 . Using Green-Camuiα and RhoA-CyRM, we found that glutamate uncaging at a single spine induces short and confined CaMKIIα activation followed by long-lasting and spreading RhoA activation from the same spine ( Fig. 3b-d) . Through a series of control experiments, we further verified that dual-color FLIM measurements are not influenced by experimental artifacts or crosstalk between different channels ( Fig. 3e and Supplementary  Fig. 8b-d ). These results demonstrate that simultaneous imaging of two biochemical sensors is possible using mEGFP and brief communications mCyRFP1 FRET donors. In addition, dual-color FLIM revealed that, during structural plasticity of a single spine, CaMKII activity is more confined and transient than RhoA activity, consistent with the previous studies using single-color FLIM 3, 4 .
The improved properties of CyRFP1-including high brightness, large Stokes shift, and emission separation from EGFPenabled simultaneous imaging of CyRFP1 and GCaMP6s in brain slices and in vivo. Expressing CyRFP1 throughout the neuron should enable better quantification of calcium dynamics in small microcompartments such as dendritic spines 17 . Moreover, we have engineered the monomeric variant mCyRFP1, which performs well when fused to a variety of proteins. The new mCyRFP1-mMaroon1 FLIM-FRET pair enables dual-color FLIM together with mEGFP-based FRET probes. As mCyRFP1 and mEGFP can be coexcited by the same wavelengths of light while their emissions can be separated, truly simultaneous FRET-FLIM is possible, as we demonstrated by simultaneous imaging of CaMKII and RhoA activities. The recent development of acceptors for mEGFP that are even darker than REACh will further simplify multicolor FLIM-FRET imaging 18 .
Dual FRET-FLIM would allow more accurate quantification of spatiotemporal relationships between protein activities by enabling imaging in the same cells. Moreover, spatiotemporal correlation of two signaling pathways using multicolor FLIM could help decipher the dynamics of biochemical signaling under less controlled conditions such as those in live animals. onLine methods Mutagenesis and screening of libraries. Plasmids were constructed using standard molecular biology methods including polymerase chain reaction (PCR) and In-fusion cloning (Clontech). Mutations for specific residues were introduced by overlap-extension PCR. All cloning junctions and PCR products were sequence verified. Mutants were expressed and screened in constitutively active bacterial expression vector pNCS (Allele Biotech). Plasmids were transformed into chemically competent XL-10 Gold (Agilent), and colonies were grown on Luria Bertani (LB) agar plates at 37 °C for 16-20 h and at room temperature for an additional 20-24 h. For each round of mutagenesis, the number of colonies screened was ten-fold the expected library diversity to ensure full coverage. Colonies expressing mCyRFP1 variants were screened for transmitted color by eye and for fluorescence in a Fluorchem Q imaging enclosure (Alpha Innotech) with an 475/42-nm excitation filter and an 699/62-nm emission filter.
Protein production and characterization. For spectral characterization, bacterial pellets were lysed in B-PER II (Pierce), and hexahistidine-tagged proteins were purified with HisPur Cobalt Resin (Pierce). Proteins were desalted into phosphate-buffered saline (PBS) pH 7.4 using Econo-Pac 10DG gravity flow chromatography columns (Bio-Rad). Absorbance, excitation spectra, and emission spectra were measured with Tecan plate readers (Safire2 or Infinite M1000 Pro). Extinction coefficients were calculated using the base-denaturation method 19 . Mature fraction of a purified protein sample was calculated as the concentration of chromophore divided by the concentration of total protein. Concentration of chromophore was calculated using Beer's law, absorbance of base-denatured protein at 440 nm measured in a 1-cm cuvette, and an extinction coefficient at 440 nm of 44 mM −1 cm −1 . Concentration of total protein was calculated using Beer's law, absorbance at 280 nm measured in a 1-cm cuvette, and an extinction coefficient at 280 nm of 30.4 mM −1 cm −1 as determined by the program ProtParam 20 . Quantum yields for CyRFP1, CyRFP1 A161K, and mCyRFP1 were determined in PBS at pH 7.4 by exciting with 475-to 485-nm light and integrating emission from 500 to 800 nm, corrected for detector sensitivity. CyOFP1 was used as a standard (quantum yield = 0.76) 6 . In vitro photobleaching measurements were performed in PBS droplets under mineral oil on an IX81 inverted microscope with a 40×, 1.15-numerical-aperture (NA) water-immersion objective, an X-Cite 120-W metal halide lamp (Lumen Dynamics) at 100% neutral density, a 485/10-nm excitation filter (Omega), and an Orca ER camera (Hamamatsu) controlled by Micro-Manager software. Images were acquired every 1 s under continuous illumination. Times were scaled to produce photon output rates of 1,000 per molecule per s as previously described 7 . pH titrations were performed using a series of buffers (1M HOAc, 1M NaOAc, 5M NaCl for pH 3-5.5; 100 mM KH 2 PO 4, 100 mM K 2 HPO 4 for pH 6-8; 100 mM glycine for pH 9.5-10). HCl or NaOH were used to adjust the pH. 5 µL of purified protein was diluted in 145 µL buffer with different pH values, and the fluorescence brightness was measured. Size exclusion chromatography was performed with a Superdex 200 30/100 GL column (GE Healthcare). 100 µL of 1-100 µM purified proteins was loaded and eluted at a flow rate of 0.5 ml/min. Protein elution was monitored by absorbance at 280 nm.
Brightness comparison of fluorescent proteins in mammalian cells. HeLa cells (ATCC)
were grown on glass-bottom dishes (Cellvis) in high-glucose Dulbecco's modified Eagle medium (DMEM, Hyclone) supplemented with 5% fetal bovine serum (FBS, Gemini), 2 mM glutamine (Gemini), 100 U/mL penicillin, and 100 µg/mL streptomycin (Gemini) to 70-80% confluency, then transfected using Lipofectamine 2000 (Life Technologies) with an EGFP-P2A-RFP-CAAX construct, where RFP was CyOFP1, CyRFP1, or mCyRFP1. Here, EGFP served to normalize for transfection efficiency and cell number. One day posttransfection, approximately 10 5 cells were replated in a 96-well plate; and emission spectra from 500 to 750 nm, upon excitation at 480 nm with a bandwidth of 20 nm, were obtained in an Infinite M1000 Pro microplate reader (Tecan). As EGFP emission is negligible at peak RFP emission and vice versa, the EGFP-normalized RFP brightness was simply calculated as the ratio of RFP and EGFP peak values.
Photobleaching comparison of fluorescent proteins in mammalian cells. HeLa cells were grown as above, then transfected with pcDNA3-based plasmids expressing EGFP, mCyRFP1, CyOFP1, or CyRFP1. The next day after transfection, media was replaced with FluoroBrite DMEM (Life Techmologies) supplemented with B-27 (Life Technologies), and dishes were placed in a humidified chamber maintained at 33 °C and 5% CO 2 (Live Cell Instrument) on an Axiovert 200M inverted microscope. Simultaneous photobleaching and imaging was performed with a 40 × 1.15 numerical aperture (NA) water-immersion objective (Zeiss), an X-Cite 120-W metal halide lamp (Lumen Dynamics) at 100% neutral density, a 485/10-nm excitation filter (Omega), and an Orca ER camera (Hamamatsu) controlled by Micro-Manager software. Images were acquired every 1 s under continuous illumination.
Microscopy of fusion proteins. mCyRFP1 subcellular fusions were cloned into pLL3.7m, a modified form of pLL3.7, using standard molecular biology methods. Sequences used were human calnexin (NM_001746.3), Lifeact, mouse mannosidase II (NM_008549.2), human laminB1 (NM_005573.2), human pyruvate dehydrogenase (NM_000284), chicken paxillin (NM_204984.1), human histone H2B (NM_021058.3), rat connexin-43 (NM_012567), and human α-tubulin (NM_006082). All sequences were gifts of M. Davidson (Florida State University). HeLa cells were grown and transfected as above, then imaged 24-48 h later in FluoroBrite DMEM with B-27. mCyRFP1 fusions were imaged on an Axio Observer microscope with a 63 × 1.3 numerical aperture (NA) oil-immersion objective (Zeiss) equipped with an UltraVIEW spinning-disc confocal unit (Perkin-Elmer). Excitation was provided by a 488-nm laser excitation, and emission was collected through a 615/70-nm filter with an C9100-50 EMCCD camera (Hamamatsu). Maximal intensity projections of multiple z-slices were generated in the ImageJ program.
Organized smooth endoplasmic reticulum (OSER) assay. mCyRFP1, EGFP, and mCardinal were fused to the C terminus of the signal-anchor transmembrane domain of cytochrome P450 (amino acids 1-29, CytERM) in a pcDNA3 vector using standard molecular biology methods. HeLa cells were grown and transfected as above, then imaged 18 h post-transfection in FluoroBrite DMEM with B-27 on the Axio Observer microscope with a 63 × 1.3 NA objective (Zeiss) equipped with an UltraView spinning-disc confocal unit (Perkin-Elmer). The percentage of cells with visible whorls was determined, excluding cells with unusually bright expression. At least 150 cells were counted per dish, and three technical replicates using three dishes were performed. CytERM-EGFP and CytERM-mCardinal served as references for comparison to previously reported data 9 .
2p excitation spectra measurements. FP were expressed and purified into PBS as above, and adjusted to a concentration of 1 mg/mL. An Insight Ti:Sapphire laser (Spectra-Physics) tuned to wavelengths of 760-1,160 nm was used to excite purified FPs. Fluorescence was collected using a 60 × 1.0 NA objective (Olympus), a 670-nm short-pass filter (Chroma), and a photomultiplier tube (Hamamatus) while laser power and PMT settings were kept constant throughout the measurements. Raw fluorescence intensity counts were adjusted by dividing them by squared laser power measured for each wavelength under the objective.
DNA constructs used for FLIM. Plasmids encoding CyRFP1, mCyRFP1, mCyRFP1-mCardinal, mCyRFP1-mMaroon1, mCyRFP1-mNeptune2, dimVenus-mMaroon1 used for imaging in cell lines were introduced into EGFP C1 vector, replacing EGFP sequence. FLIM donor-acceptor pairs were used with the linker SGLRSRA. mEGFP-sREACh was previously described 13 . Redshifted RhoA and Cdc42 FLIM sensors were developed based on previously validated sensors using mEGFP-mCherry FRET pair 3 . We replaced mEGFP and mCherry of these sensors with mCyRFP1 and mMaroon1, respectively. The resulting RhoA sensor consists of mCyRFP1-RhoA and mMaroon1-Rhotekin(8-89) -mMaroon1, and the Cdc42 sensor consists of mCyRFP1-Cdc42 and mMaroon1-Pak3(60-113)/S74A/F84A-mMaroon1. All cloning procedures were performed using standard PCR reactions and Gibson assembly (NEB). Single point mutations were introduced using Q5 site-directed mutagenesis kit using PCR (NEB). For imaging in slice cultures and in vivo, CyRFP1 was transferred to a plasmid under the control of the CAG promoter using AgeI and BsrGI sites, mCyRFP1-RhoA; and mMaroon1-Rhotekin(8-89)-mMaroon1 was transferred to a plasmid under the control of the CAG promoter using NheI and NotI sites. pCAG-ECFP was a gift from A.-K. Hadjantonakis (Addgene plasmid 32597). Expression of FLIM constructs in HEK293T cells. HEK293T cells (GE Dharmacon, Fischer Scientific) were cultured in DMEM supplemented with 10% FBS at 37 °C in 5% CO 2 and transfected with plasmids encoding FLIM-FRET sensors using Lipofectamine 2000. For RhoA and Cdc42 sensors, the ratio of the plasmids encoding the donor and the acceptor was 1:1. For co-transfection of mEGFP and mCyRFP1 variants, the ratio was 1:2. Imaging was performed 24-48 h following transfection. See Supplementary Note regarding donor-acceptor expression in dual-FLIM experiments. Cells were used as an expression platform only, and were thus not rigorously tested for potential contamination from other cell lines.
Organotypic hippocampal slice cultures and transfection. All experimental procedures involving animals were approved by the Max Planck Florida Institute for Neuroscience Animal Care and Use Committee, in accordance with guidelines by the US National Institutes of Health. Hippocampal slices were prepared from 20 postnatal 4-to 6-day-old C57BL/6 mice of either gender, as described previously 22 . In brief, 350 µm-thick hippocampal slices were dissected using a tissue chopper. Slices were plated on Millicell membranes (Millipore) and culture medium containing minimal essential medium (Life Technologies), 20% horse serum, 1 mM L-glutamine, 1 mM CaCl 2 , 2mM MgSO 4 , 12.9 mM D-glucose, 5.2 mM NaHCO 3 , 30 mM Hepes, 0.075% ascorbic acid, 1 µg/mL insulin, which was exchanged every other day. After 7-10 d in culture, CA1 pyramidal neurons were transfected by ballistic gene transfer 23 (Bio-Rad) using gold beads (8-12 mg). For dual-FLIM experiments, bullets were coated with plasmids containing DNA of Green-Camuiα, mCyRFP1-RhoA, and mMaroon1-Rtk-mMaroon1 (15, 20 , and 20 µg, respectively). For control experiments, Green-Camuiα plasmid was replaced with mEGFPdimVenus, while mMaroon1-Rtk-mMaroon1 was replaced with Cdc42 acceptor mMaroon1-Pak3-mMaroon1 (ref.
3). For dualintensity imaging, bullets contained CyRFP1 and GCaMP6s plasmids (15 and 10 µg, respectively). For additional characterization, mEGFP-CyRFP1, mEGFP-mCyRFP1, mEGFP-mRuby2, or mEGFP-mCherry plasmids were used (10 µg each). Neurons were imaged 2-5 d after transfection in most experiments, except for characterization of aggregation, which was performed 7-10 d following transfection.
In utero electroporation and in vivo imaging. In utero electroporation was performed as previously reported 24 . In brief, Swiss Webster E14.5-15.5 timed pregnant dames (Charles River Laboratories) were anesthetized with ~2% isoflurane and administered 0.1 mg buprenorphine SR (ZooPharm) for analgesia, uterine horns were exposed through an abdominal incision, and the right lateral ventrical of each embryo was injected with of a mixture of plasmids encoding CyRFP1 and GCaMP6s (concentrations of 1 and 0.5 µg, respectively) under the control of the CAG promoter and 0.1 mg/mL Fast Green dye (Sigma-Aldrich). Five electrical pulses (40 V, 50-ms duration, 1 Hz) were delivered using a NEPA21 electroporator (NEPAGENE) with electrodes directed to the motor cortex. At 40-50 d after birth, mice were subjected for cranial window surgery 25 . In brief, mice were anesthetized using 1-2% isoflurane, administered 1 µg/g buprenorphine SR for analgesia, placed in a stereotaxic frame, and administered 0.2 mg/kg dexamethasone and 5 mg/kg carprofen to prevent edema and inflammation. Following removal of skin and skull exposure, a 2-mm circular craniotomy was performed using a dental drill. The skull was sealed using a No. 1 coverslip, which was cemented to skull along with a headplate to secure the head during imaging using dental cement (C and B Metabond, Parkell). Mice were left to recover and were imaged using a custom 2p microscope 7-14 d following the surgery under light anesthesia (0.5-1% isoflurane). Representative results shown were repeated in four different mice. Two-photon microscopy and 2pFLIM. Ca 2+ imaging in vivo and 2pFLIM imaging of HEK cells and hippocampal slice cultures were performed using custom 2p microscopy as previously described 3 . Excitation was performed with a Chameleon Ti: sapphire laser (Coherent) tuned to 920 nm. Emission was collected with a 60 × 1.0 NA objective (Olympus), divided with a 565-nm dichroic mirror (Chroma) and detected with two PMTs with low transfer time spread (H7422-40p, Hamamatsu) placed after wavelength filters (et520/60-2p for green and et620/60-2p for red, Chroma). For the measurement of 2p spectra, we used only one PMT located after a 670-nm short-pass wavelength filter (Chroma). PMT gain was tuned to 0.82 V. Care was given to avoid excessive use of fluorescent lamp for cell identification, which could result in photobleaching and reduction in fluorescence lifetime. Average imaging power was set at 1.5-2.0 mW, as measured under the objective. Fluorescence image was acquired with PCI-6110 (National instrument) and displayed on ScanImage 3.8 on Matlab 26 . Fluorescence lifetime images were obtained using a time-correlated single-photon counting board (SPC-150; Becker and Hickl) controlled with custom software in Matlab. For dual-color FLIM imaging, we used a signal router (HRT-41, Becker and Hickl). For FLIM imaging, images (128 × 128 pixels 2 ) were acquired at 2 ms per line (256 ms per frame) and averaged over 24 frames (total acquisition time, 6 s) with intervals of 8 s to 2 min. For Ca 2+ imaging, smaller images (64 × 64 pixels 2 ) were acquired at 1 ms per line and 64 ms per frame continuously at 15.6 Hz. For Ca 2+ imaging in vivo, we corrected for x-y motion by using the cross-correlation of red intensity image over time in Matlab. We manually selected ROI for spines and dendrites and measured fluorescence intensity from the motioncorrected images. Two-photon glutamate uncaging. To induce structural plasticity of dendritic spines, a second Ti:Sapphire laser tuned at a wavelength of 720 nm was used to uncage 4-Methoxy-7-nitroindolinyl-caged-L-glutamate (MNI-caged glutamate, Tocris) in extracellular solution with a train of 4-6 ms, 2.5-3 mW pulses (30 times at 0.5 Hz) near a spine of interest. Experiments were performed in Mg 2+ -free artificial cerebral spinal fluid (ACSF; 127 mM NaCl, 2.5 mM KCl, 4 mM CaCl 2 , 25 mM NaHCO 3 , 1.25 mM NaH 2 PO 4 and 25 mM glucose) containing 1 µM tetrodotoxin (TTX) and 4 mM MNI-caged L-glutamate aerated with 95% O 2 and 5% CO 2. Experiments were performed at 24-26 °C. For control uncaging experiments, CaCl 2 was omitted and replaced with 4mM MgCl 2 . 2pFLIM analysis. To measure fluorescence lifetime, we fit fluorescence lifetime decay curve F(t) with a monoexponential or biexponential function convolved with the Gaussian pulse response function Statistical analysis. All values are presented as mean ± s.e.m. Statistical significance was tested by one way ANOVA followed by Dunnett multiple comparison test (P < 0.05) using GraphPad Prism 6.0 (GraphPad Software). Simple chi square test was used to compare goodness of fit of monoexponential and biexponential fluorescence lifetime decay.
Data availability. The data that support the findings of this study are available from the corresponding author upon request.
